Abstract The influence of the co-monomer content and processing conditions on the crystallization kinetics of propylene/ethylene (P/E) random copolymers is studied using DSC and rheometry. The presence of ethylene lowers the melting and crystallization temperature compared to pure polypropylene, and the quiescent crystallization rate, _ X; increases at equal nominal undercooling, because both the crystal growth rate, G, and number of nuclei, N, increases. The effect of flow on the kinetics of crystallization decreases with the ethylene content. Still, different regimes of flow-induced crystallization are observed, but their size and the position of the transitions between them depend on the ethylene content, and can be expressed in terms of the level of molecular orientation, molecular stretch, and crystallization capacity of the system.
Introduction
Properties of polymer products depend on the morphology distribution within the product, which itself depends on both the molecular properties of the polymer used and the processing conditions applied during fabrication. Not only mechanical properties depend on crystal structures [1] [2] [3] , but also properties, like dimensional stability [4] and transparency [5] . In production processes like injection molding, film blowing, and fiber spinning the polymer is subjected to high pressures and speeds, and it is cooled from temperatures well above its melting point to room temperature within seconds. Due to the complex geometries of the molds and extruder dies, the flow history has a complex nature; the material experiences both shear and elongational flow. The effect of shear deformation on the crystallization kinetics and structure development of semi-crystalline polymers has gained a lot of interest in the last decade, see for example [6] [7] [8] [9] [10] [11] [12] [13] [14] and references therein. It is now well known that the flow field applied accelerates the crystallization process, alters the morphology; the effect of shear rate is more pronounced than that of the shear time. The importance of the high molecular weight tail on the formation of oriented, anisotropic structures was stressed [6, 11, 12] .
Van Meerveld et al. [15] proposed a rheological classification of different flow regimes, i.e., regimes leading to different types of crystalline morphologies, derived from molecular-based rheology and rubber elasticity theory. The transitions between the different flow regimes and the associated physical processes governing the flow-induced crystallization (FIC) processes are defined by the critical values of the Deborah numbers (De) related to the molecular orientation (De rep ) and molecular stretch (De s ). An extensive evaluation of experiments reported in the literature illustrates that the transition, from just an enhanced nucleation rate of spherulites toward the development of fibrillar structures, correlates with the transition from chain segment orientation to chain stretch applied at least to the high molecular weight chains in the melt.
Polymers are often modified to improve their performance. The changes are implemented on (a) a molecular level and/or (b) a microscopic level. In the first case, the polymer chain itself is modified or another material is added and dissolved, while in the latter situation, particles or a phase separated second polymer are added. These alterations to the material have a strong influence on the polymer's FIC behavior.
Several researchers studied case (b), investigating experimentally the particle-morphology-properties relationship [2, [16] [17] [18] [19] [20] . The presence of particles leads to strong molecular orientation throughout the complete sample caused by a 'shear amplification effect' between the particles and sometimes an improved impact resistance. Numerical work on particle-filled viscoelastic systems showed that the presence of particles results in the occurrence of regions of high molecular stretch between the layers of particles and regions shielded by the particles inside the layers [21] giving rise to anisotropic flowinduced structures. Another additive is the family of nucleating agents and they are often blended with polymers to decrease conversion cycle times [22] . Crystallization on heterogeneous nuclei leads to the formation of smaller crystal structures which improves the optical and mechanical properties of the materials. An example of such an additive is based on sorbitol (DMDBS), which already in relatively small amounts (*0.2 wt%) enhances the clarity, and gives rise to an increase in yield stress of isotactic polypropylene (iPP) [5, 23] . The effect of flow on crystallization of iPP/DMDBS blends was studied by Balzano et al. [24, 25] . Recently, even much more effective and selective nucleating agents based on 1,3,5-benzene tricarboxylic acid were developed with which the same effects are obtained for concentrations as low as 0.02 wt% [26, 27] . This family of organic compounds is thermally stable and some members form the iPP b-polymorph which exhibits a higher impact toughness than the most common a-form [28] .
Examples of chain modifications (case (a)) are long chain branching (J. F. Vega, personal communication) and copolymerization with other monomers creating, e.g., random or blockcopolymers.
In this experimental study, the focus is on the effect of random copolymerization of PP with ethylene on FIC. Copolymerization of polypropylene with a small amount of ethylene is an appropriate way to improve both the optical and certain mechanical properties (low temperature brittleness) [29] [30] [31] . First, the four grades used are characterized using differential scanning calorimetry (DSC) and rheometry. Next short term shear experiments are performed at equal nominal undercooling, and the flow effects are quantified with a characteristic time scale. Finally, the effect of copolymerization on the rheological classification is investigated. Different regimes are observed and the transitions between regimes are specific for every polymer.
Experimental

Materials
Materials used are an isotactic polypropylene (iPP, HD234CF, Borealis) and three propylene/ethylene (P/E) random copolymers (P/E RACO, RD204CF, RD226CF, and RD208CF, Borealis) with different ethylene contents. All four grades have a weight average molecular mass M w * 310 kg mol -1 and a polydispersity M w /M n * 3.4 [29] . Molecular and other physical properties are listed in Table 1 . RACO2 differs from the iPP and the other two RACO's in that it contains some additives not present in the others like a slip agent to reduce the friction coefficient (for post-processing steps in film applications) and a synthetic silica anti-blocking aid to reduce the adhesion between the film layers [32, 33] . The anti-blocking aid consists of both spherical and plate-like particles ranging in size between 100 nm up to 10 lm. We kept this material in our series of RACO's because it shows that slight modifications of the composition of a polymer (case (b), 1), with no influence on the rheological behavior and expected behavior for quiescent crystallization, can have a large effect on the FIC behavior. Differential scanning calorimetry (DSC)
The melting temperature (T m ), melting enthalpy (DH m ) and crystallization temperature (T c ) were determined on a Mettler Toledo DSC (DSC823e) using a heating and cooling rate of 10°C min -1 on samples with a mass of 5 ± 0.5 mg. A second heating cycle is performed to have a homogeneous sample distribution in the pan from which T m and DH m are obtained. Crystallinity is determined using X c = DH m /DH m0 with the melting enthalpy for a 100% crystalline material, DH m0 = 209 J g -1 [34] .
Rheological properties in the melt state A Rheometrics ARES rheometer was used with a plateplate geometry, diameter 25 mm, for small amplitude oscillatory shear measurements. The characteristic rheological properties (storage and loss modulus, G 0 and G 00 , and loss angle, d) were obtained over a broad range of temperatures (from 145 to 250°C) and angular frequencies, x (from 0.01 to 100 rad s -1 ). The lower limit of x for the lowest temperature was 0.1 rad s -1 to avoid the changes due to crystallization. To determine the rheological properties in the linear viscoelastic regime, the strain applied was determined from strain sweeps and set to 5% for all measurements. The experiments were performed in a nitrogen environment to avoid degradation of the material. Time-temperature superposition has been applied to obtain mastercurves at a reference temperature of 220°C.
Flow-induced crystallization experiments
The crystallization kinetics was followed using rheological experiments. A relatively small plate-plate geometry of 8 mm was used to avoid transducer instabilities caused by stiffening of the material. Isothermal temperatures were chosen such that the undercooling, which is the driving force for crystallization, was equal for all four materials. Undercooling is normally defined as DT = T m0 -T exp , with T m0 the equilibrium melting temperature and T exp the isothermal crystallization temperature at which the experiment is performed. For the polymer grades used, T m0 is not known and the determination of T m0 is a lengthy and precise task, as shortly discussed in the next section. Therefore, we define undercooling as DT = T m -T exp , where T m is the nominal melting temperature determined from DSC, see Table 1 . For the homopolymer T exp was set to 138°C and for the P/E RACO the temperature was determined accordingly, i.e., to get the same DT. The experimental procedure is as follows:
• Samples were molten at a temperature of 230°C for 10 min to remove any history before the start of the test.
• Subsequently, the samples were cooled to the desired crystallization temperature with a controlled cooling rate of 15°C min -1 to avoid any undershoot. The gap was adjusted continuously to compensate for thermal expansion (shrinkage) of the samples.
• Oscillatory tests using an angular frequency of 5 rad s -1 and a strain of 0.5% were performed to monitor the evolution of G 0 , G 00 , and d in time.
For the short-term FIC experiments, a shear flow for a certain shear time, t s , was applied prior to the third step. The shear rate values, _ c; varied between 3 and 60 s -1 and the total strain, c, was kept constant at 60 strain units.
The ARES rheometer has an intrinsic problem which, in principle, does not allow combining a pre-shear and an oscillatory flow. The oscillation is performed around the origin, a fixed angular position of the plate. The pre-shear will move the plate away from this origin and consequently, when the dynamic measurement is started, the plate is automatically brought back fast to its origin, straining the material more. To overcome this problem, the following procedure is applied: at the experimental temperature, before inserting the material, so with empty plates, shear is applied with the same conditions as for the short-term shear flow, but in opposite flow direction. Subsequently, the material is inserted and the experimental procedure as mentioned above is started. As a consequence, when the pre-shear is applied on the material, the plate moves back to its origin and the material experiences no extra straining at the start of the dynamic measurement. Figure 1 shows flow-induced crystallization experiments on an iPP grade (Borealis HD120MO, J. F. Vega, personal communication, used in Ref. [35] ) that follow the above-mentioned procedure (T exp = 135°C). The figure is illustrative for the results expected. The storage modulus, G 0 (t), evolves with the growing crystallites in the melt, since it is a function of degree of space filling, u. When flow is applied, the two main observations are:
(1) Curve 2: An acceleration of the crystallization process, the modulus curve shifts to lower times. The shape is similar to that of the quiescent experiment. (2) Curve 3: For longer flow times, the modulus rise shifts to lower times, but now its shape changes and the slope decreases.
The kinetics of degree of space filling is usually described by the Avrami equation [36, 37] :
where C is the overall rate of crystallization and n the Avrami exponent, which reflects the crystal dimensionality Flow-induced crystallization of propylene/ethylene 695 and the type of nucleation (pre-determined or sporadic) [38] . When the nucleation is heterogeneous and the crystal growth rate, G, is constant, the n values of 1, 2, and 3 correspond to a crystal geometry of rods (1-dimensional, 1D), disks (2-dimensional, 2D) and spheres (3-dimensional, 3D), respectively. For sporadic nucleation, the n values of 2, 3, and 4 correspond to the crystal geometry of rods, disks, and spheres [37, 39] . For the change of the modulus it can be derived that:
in which du/dt is given by (using Eq. 1):
From Eqs. 1 and 3 it can be derived that to achieve a shift over the time axis to lower times, without changing the shape of the curve (curve 2), the Avrami exponent, n, has to be the same, and only the overall rate of crystallization, C, increases. Hence, for a shift and a change in slope (curve 3), C increases and n decreases. Under quiescent conditions in the temperature range applied, no sporadic nucleation occurs and the number of nuclei, N, is constant. Crystal lamellae grow with a constant growth rate, G, in all directions, thus a 3D growth, from these nuclei forming spherulites ( Fig. 1 , micrograph 1 [40] ). In that case, n = 3 and C = 4/3pNG 3 [37, 38, 41, 42] . When flow, applied for a short time, only leads to a shift in modulus (curve 2), only C increases and n stays the same and we expect no sporadic nucleation. This implies that the same type of morphology is formed as in the quiescent case (spherulites), but with a higher number density N, since C increases and the growth rate G is unaltered [42] (Fig. 1 , micrograph 2 [40] ). For longer flow times, where a change in the slope is observed (curve 3), n decreases. Oriented, shish-kebabs are formed by crystalline lamellae growing in two dimensions (2D) off fibrillar nuclei (Fig. 1, micrograph 3 [40] ), for which it can be derived, that n = 2 and C = pNLG 2 , with L, the total length of the shishes [37, 41] . Also in this situation, no sporadic nucleation is expected. Of course, not only fibrillar structures are formed, spherulites will grow as well, and thus 2 \ n \ 3. For the experiments shown in Fig. 1 , the resulting morphologies were confirmed using optical microscopy (OM) and wide-angle X-ray diffraction (WAXD) (D. G. Hristova, personal communication, used in Ref. [35] ). To summarize the above, three morphology types are distinguished as [40] provides the relaxation time spectrum, i.e., s rep from which s s can be estimated as
with Z = M w /M e is the number of entanglements per chain and M e is the weight average molecular weight between entanglements, being 5,200 g mol -1 for iPP [43] . The classification is only valid for short time shear. Although it gives a clear indication in which flow regime experiments are performed and whether fibrillar morphologies will develop or not, the flow time is not specifically included. Nevertheless, for regime III/IV, it is stated that the flow time, t s , has to be sufficiently long in order to fulfill the condition k [ k*(T), i.e., the molecular stretch ratio k has to be larger than a certain critical value k*(T), marking the transition between weak and strong stretching conditions. Moreover, it is expected that this critical value has to be maintained long enough to cause significant shish growth. On the other hand, when shearing in regime II for a too long time, the rheology of the material will change, i.e., due to nucleation physical crosslinking will occur which increases the relaxation times and thus the Deborah number, and, therefore the flow regime changes to type III/IV. This self enhancing effect is described and modeled by Zuidema et al. [44] and Peters et al. [45] . A recent model that takes these effects into account is given by Custodio [46] .
To clarify the relation between the flow regimes and the morphology types and to show the effect of shear rate _ c ð Þ; shear time (t s ), and shear strain c ¼ _ ct s ð Þon the crystallization behavior of the polymers, a schematic picture is presented, see Fig. 2 . A common way to characterize the crystallization kinetics is to define a time, t, characteristic for the process, e.g., the induction time (t i ) or the half-time of crystallization (t 1/2 ), and to normalize this with the characteristic time of the quiescent case (t Q ) [47, 48] . According to the classification, the transitions from flow regime I to II and flow regime II to III are marked by De rep = 1 and De s = 1, corresponding to a shear rate value of 1/s rep and 1/s s , respectively. These transitions are included in Fig. 2 as the two vertical dashed lines. First, let us consider FIC experiments with a constant level of applied strain (bold line, Fig. 2) . At low values of the shear rate, flow does not influence the crystallization behavior, i.e., the material crystallizes as in quiescent conditions, represented by the horizontal line at t/t Q = 1 (morphology type 1). For higher values of _ c; the crystallization process is accelerated and t/t Q becomes smaller than 1. Shear rate is more effective than shear time in accelerating polymer crystallization, and hence for increasing shear rates t/t Q decreases. The shape (slope) of the modulus curve versus time is the same compared to the quiescent experiment, which means that the crystallization kinetics are unaltered. The decrease in crystallization time is associated with an increase of the number of point-like nuclei (morphology type 2). With a further increase of _ c; a change in the slope of the G 0 -evolution curve is observed, indicative for a change in the crystallization kinetics, and the crystallization process is even faster. It is related to the transition from isotropic spherulitic crystals to oriented shish kebab structures (morphology type 3). Consequently, the slope of t/t Q becomes steeper. As can be seen in the schematic picture, the transitions in t/t Q fall within flow regime II and flow regime III. However, they do not necessarily coincide with the shear rate values of 1/s rep and 1/s s , i.e., the transitions from flow regime I to II and flow regime II to III, respectively. When the shear strain level is increased, the two transition points in the t/t Q curve move to lower shear rates, eventually coinciding with the transitions between the different flow regimes. This shows the importance of flow time: flow has to be applied for a sufficiently long time in order to orient or stretch the polymer chains enough to observe an effect on the crystallization behavior and final morphology, which is in line with the conclusions of Van Meerveld et al. [15] . The transition that still needs explanation is from flow regime III to IV, the 'weak' and 'strong' stretching regime, respectively. In flow regime III, the chains are stretched, but still keep their Gaussian configuration. For k [ k*(T) the chain configuration becomes non-Gaussian and the amount of rotational isomerization (RI) is large (regime IV). Based on the analysis of FIC experiments reported in literature it was concluded that the shish-kebab morphology develops when the HMW chains are subjected to the condition De s [ 1 for a sufficiently long time in order to fulfill the condition k [ k*(T) [15] . Hence, in the schematic picture (Fig. 2) , the transition from flow regime III to IV occurs for t/t Q when the second change in slope is observed, i.e., it coincides with the onset of morphology type 3. Here, the evolution of G 0 shows a change in slope, i.e., a change in the crystallization kinetics, and the shish-kebab crystal structure forms. In the schematic picture, the direction of the line that marks the transition from III to IV is arbitrarily chosen.
Equilibrium melting point, T m0
Usually, two extrapolation methods are used to determine the equilibrium melting point, T m0 , the Gibbs-Thomson (GT) [49] and the Hoffman-Weeks (HW) [50] method. As a result of a finite crystal thickness, l, T m is depressed below that of an infinite size crystal which is expressed in the GT equation:
where r e is the surface free energy of the crystal plane normal to the thickness direction and DH f the heat of fusion. From Eq. 5, it can be seen that T m0 can be estimated by extrapolating T m versus 1/l data to infinite thickness. This method requires X-ray scattering techniques to determine the thickness of the crystals and a method (e.g., DSC) to measure the melting point of these lamellae. The HW procedure correlates directly the temperature of crystallization T c to the melting temperature T m of the structures formed during subsequent melting (Eq. 6).
The parameter c = l/l i accounts for isothermal lamellar thickening after formation of an initial crystal with thickness l i . Thicker crystals are usually formed when a polymer crystallizes at higher temperatures, resulting in a higher T m . T m0 can be determined by linear extrapolation of T m as a function of T c to the equilibrium line T m = T c . This method only requires a DSC device which makes it easy to obtain the necessary data. In both methods, lamellar thickening plays an important role. When the lamellar thickness for GT is determined at room temperature, an increase of the crystal height can occur during melting. A correct extrapolation is only possible for the HW method when the thickening coefficient is independent of the crystallization temperature, i.e., only samples crystallized at different temperatures, but with the same value for c, can be used to correctly determine T m0 [51] .
Both methods were applied by [52] to evaluate the discrepancies between two groups of T m0 values reported for iPP, one group around 187°C and the other around 210°C. They found for the GT method an equilibrium melting temperature of around 186°C. The result determined with the HW method was however greatly influenced by the crystallization time. Where impinged, big spherulites (*long crystallization times) gave a value of 210°C, T m0 determined from small spherulites, crystallized for a short time, was around 188°C. According to Mezghani et al. [52] , the most accurate result with the HW procedure would be obtained when T m of very small, newly initiated spherulites could be measured, because the polymer continues to crystallize during heating.
In a subsequent paper on P/E RACO's with similar molecular weights, a significant decrease of T m0 was observed for an increase in ethylene content (*5°C mol% -1 ) using the HW method [53] . In a crystallization study on fractionated P/E RACO's, it was found that the equilibrium melting point was lowered by approximately 2.3°C mol% -1 [54] . These observations imply for RACO3 with an ethylene content of 7.3 wt% a significant difference in T m0 , i.e., 150°C [53] and 170°C [54] , adapting T m0 = 187°C for the iPP homopolymer. The preference would maybe go to the former, because commercially available polymer grades are used with a comparable molar mass to our materials, where the latter used fractionated samples. The choice for either one would, however, be equally right (or wrong).
As discussed here, determination of the equilibrium melting point is a tedious procedure in which errors can be made easily. It is outside the scope of this study to get exact values. The melting temperatures mentioned in Table 1 show a dependence on ethylene content of 3 -3.5°C/mol% which is of the same order as reported in [53, 54] . Therefore, we will use the nominal undercooling as mentioned in section ''Flow-induced crystallization experiments'' to determine T c,exp .
Results and discussion
DSC
The melting temperature T m , the amount of crystallinity X c , determined from the melting enthalpy, and the crystallization temperature T c are given in Table 1 . The melting thermograms of all four materials show bimodal melting, see Fig. 3 . The T m values in Table 1 are the values of the low temperature peak which is the most pronounced. The high temperature peak/shoulder values are given in brackets. No influence of the additives in RACO2 is observed, i.e., the results nicely fit the trend that with increasing amount of ethylene, T m , X c , and T c decrease. Measurements of Laihonen et al. [54] indicated that the bimodal melting behavior for fractionated P/E RACO's occurs due to recrystallization during heating. At high heating rates the melting behavior of their fractions was unimodal. A slightly lower melting temperature is observed compared to the values of Gahleitner et al. [29] , which is probably due to the use of a different DSC device and/or a different batch of material. The amount of crystallinity of the samples compares well. Figure 4 shows the decrease of T m and T c with ethylene content, which are approximately 3.0°C mol% -1 and 1.8°C mol% -1 , respectively. Laihonen et al. [54] reported that both temperatures went down by 3.0°C mol% -1 . The small difference in slope for the crystallization temperature is probably due to the use of fractionated samples in [54] .
Rheological properties
The rheological properties at a temperature of 220°C for pure iPP and P/E RACO with 7.3 mol% are shown in Fig. 5 . All materials show very similar behavior in the linear viscoelastic regime. The horizontal and vertical shift factors are listed in Table 2 . An Arrhenius temperature dependence is found for the horizontal shift factors (a T ). The value of the activation energy, E a , is (almost) the same for all four materials. The vertical shift factor, b T , shows no strong temperature dependence, which is normal behavior for linear polymers. The relaxation time spectrum of the polymers in the melt state (at 220°C) can be calculated from the rheological properties measured. For that purpose, a discrete Maxwell relaxation time spectrum (g i , s i ) is used [55] :
The set of relaxation moduli, g i , and times, s i , are given in Table 2 which nicely fit the measured G 0 and G 00 (solid lines in Fig. 5 ). In Table 3 , the values of s long rep from the discrete relaxation times spectrum for the four materials at 220°C are reported, together with the corresponding Rouse time, s long s (Eq. 4). Also reported here, are the temperature at which the FIC experiments are performed, T exp , the corresponding a T , calculated from the Arrhenius relation, and the characteristic relaxation times at the T exp . It is observed that the times at 220°C are very similar for the four material grades used, which shows that the viscoelastic behavior is not influenced by the incorporation of ethylene units. Flow-induced crystallization Figure 6 shows the evolution of G 0 without flow application for all grades at their specific crystallization temperature. Clear differences between the different materials are observed. The starting plateau is higher for increasing ethylene content. When a polymer melt is cooled down, the stiffness of the melt increases. Since the materials used show the same visco-elastic behavior and the crystallization experiments are performed at lower temperatures for the copolymers, the melt stiffness and thus the starting plateaus are higher. The horizontal shift factors, a T (Table 3) , at their respective T exp , calculated using the Arrhenius equation and normalized to a T of the homopolymer, are 1, 1.4, 2.1, and 2.3 for the homopolymer PP and copolymers RACO1, RACO2, and RACO3, respectively. This corresponds well to the rise in starting plateau which increases by a factor 1.4 (RACO1), 1.9 (RACO2), and 2.1 (RACO3) compared to that of PP. The end levels of the storage moduli decrease with increasing ethylene content, which is correlated to the crystallinity values determined from DSC.
At equal nominal undercooling, crystallization is faster with increasing amount of ethylene monomers. The transition half-time, t 1/2 , the time at which the half change of the viscoelastic functions occur, is defined as a characteristic time scale of the process. To determine t 1/2 , the G 0 data are converted to space filling, u (ranging from 0 to 1). Khanna [56] defined u as: ? the values of the start and end plateau respectively. Pogodina et al. [57] normalized the storage modulus by:
When u, determined from optical microscopy, is plotted versus the log of time, S-shaped curves similar to those in Figs. 6 and 7 are obtained [35] . Although Eq. 10 is too simple to accurately estimate the degree of space filling and a more advanced suspension modeling is needed to derive the proper u, the time scales obtained are similar.
The end plateau shows a slight but steady increase, which makes a consistent determination of G 0 ? problematic. Here, it is defined as the intercept of the tangents drawn along the end plateau and the regime of maximum changes (Fig. 6) . The homopolymer and RACO3 have a t 1/2 of 7,300 and 1,100 s, respectively, giving a ratio of 6.6. The often used Avrami equation describes u in case of isothermal crystallization, for which all nuclei N appear at the same time t 0 , and the growth rate G is constant in time:
Gahleitner et al. [29] determined N and G from thin slice experiments over a temperature between 80 and 120°C. At all temperatures, a factor of 4 difference between the growth rate of PP (high G) and RACO3 (low G) was found. The growth rates of RACO1 and RACO2 are in between the two extremes. At their experimental crystallization temperatures, the difference in number of nuclei for PP and RACO3 is a factor 10 (*10 12.5 and *10 13.5 m -3 , respectively) and the difference in growth rate is a factor 3 (*10 -7.5 and *10 -7 m s -1 , respectively). From Eq. 11 the ratio of t 1/2 between the two materials can be derived, using u = 0.5, and is equal to
With the values found for N and G the ratio is 6.8, which is very similar to the measured value. Short-term shear flow experiments are performed at different shear rates applying a constant macroscopic strain (c = 60) before monitoring crystallization. Results for the homopolymer and RACO3, the random copolymer with the highest ethylene content, together with those of crystallization under quiescent conditions, are shown in Fig. 7 . Applying a shear flow accelerates the crystallization process. For both materials, it is observed that there is no change in the initial G 0 . With increasing shear rate, the build-up of G 0 starts at earlier times, but the slope with which G 0 rises remains the same, i.e., the kinetics of the process are not altered. The effectiveness of flow is more pronounced for the homopolymer than for the copolymer, RACO3, where the evolution of G 0 for the lowest shear rate _ c ¼ 3s
Þis almost equal to the quiescent result. Apparently, a critical shear rate exists (at a constant macroscopic strain level) below which flow does not speed up the crystallization process. The effectiveness of flow can be quantified by defining a dimensionless crystallization halftime H as [47] :
The FIC experiments are indicated by _ c; the Q indicates the half-time for quiescent conditions. Figure 8 shows the dimensionless crystallization halftime, H, as a function of shear rate, for the condition that the macroscopic applied shear strain is constant (c = 60). It shows that, under these conditions, there is a transition to morphology type 2 in which the flow is strong enough to accelerate the crystallization process. No change in crystallization kinetics is observed (Fig. 7) , and hence, only the number of point nuclei is increased. Morphology type 2 starts at a critical shear rate, _ c c ; above which the step shear influences the crystallization kinetics. With increasing ethylene content, _ c c shifts toward higher values. For RACO3, the lowest applied shear rate of _ c ¼ 3 s À1 is very close to _ c c ; which is a factor 4 higher than that of the homopolymer (*0.7 s -1 ). For all 4 grades, the onset of this regime, i.e., the critical shear rate, falls within flow regime II, but it does not coincide with the transition between flow regime I and II, given by _ c ¼ 1=s long rep (Table 3) . Furthermore, no transition to morphology type 3, where fibrillar structures form, is observed. An exception in this picture is RACO2 which is influenced more by flow than the homopolymer, i.e., _ c c shifts to a lower value, due to the presence of the silica anti-blocking agent. When flow is applied, the presence of these particles constituting the additives locally increases the velocity gradients [21] . As such, fillers increase the influence of flow on crystallization and crystal orientation [19] , and alter mechanical properties [16] . An indication for the increased effective stretching is hard to obtain, since these particles show a large distribution of size (100 nm-10 lm) and shape differences (spherical and plate-like), which should be taken into account in the modeling. It has to be noticed that the quiescent experiments are not influenced by the presence of the particles, i.e., no extra nucleation effect is observed, both in the DSC measurements, which would show an increase in T c (Fig. 4) and in the quiescent rheometry measurements (Fig. 6) .
The minimum _ c for chain stretching for PP is calculated to be 15 s -1 (De s = 1). However, for shear rates (equal and) higher than this critical value (15, 30, and 60 s -1 ), no transition toward morphology type 3 is observed. The pre-shear conditions that fulfill De s [ 1, i.e., deformations strong enough to stretch the molecules and enter the fibrillar regime are not the sole requirement for a change in the crystallization kinetics [15] . The duration of the flow also plays an important role. It is necessary to reach a characteristic strain at which a transition from one to the other regime is observed. This is demonstrated in Fig. 9 . Figure 9a to c show FIC experiments with a shear rate of 3, 15, and 60 s -1 , respectively, with increasing shear time such that the total shear strain applied is constant for all shear rates applied and equals to 60, 120, and 240. In all figures, the quiescent case is included as well. For the low shear rates (up to 15 s -1 ), no change in crystallization kinetics is observed, only an effect in the onset time of crystallization (Fig. 9a, b) . Above a shear rate of 15 s -1 , Fig. 9c , the time evolution of the viscoelastic properties is changed. First, an initial increase of G 0 indicates the formation of some initial structure in the melt during flow and secondly, the slope of the G 0 -evolution curve is altered. For the three strain levels, the dimensionless crystallization half-time H is displayed in Fig. 9d . It is shown that with an increasing c, the critical shear rate at which flow starts to effect the crystallization process shifts to lower values. For the highest strain level _ c c ¼ 0:3s À1 ; which is close to the transition from flow regime I to II, determined from the condition De rep = 1 to be 0.09 s -1 based on the longest chains (s long rep ). Furthermore, for the high strain level of 240, the slope of H versus _ c changes around a shear rate of 15 s -1 , which is the lowest shear rate that can possibly stretch the polymer chains according to De s [ 1-10. Higher strain levels can not be reached because of arising problems like edge fracture and material loss, i.e., polymer flowing outside the plates.
The results shown in Fig. 8 have a total macroscopic strain of 60 as a pre-shear condition at equal undercooling. The flow strength experienced by the molecules, i.e., the [44, 58] . This implies that the molecular strain, and thus the driving force, experienced by the homopolymer is lowest and increases for the RACO grades because of the decreased T exp . A better comparison would therefore be to apply pre-shear conditions with the same molecular strain. To achieve equal molecular strain levels, the Deborah number for the FIC experiments has to be the same. The Deborah numbers for PP corresponding to the measurements in Fig. 7 are reported in Table 4 using s long rep as the characteristic time scale. To achieve the same molecular strain for the RACO grades either T exp or _ c has to be altered. Since T exp is already fixed from the requirement that the undercooling is constant, _ cwill be changed. The _ c values are listed in Table 4 . Figure 10 shows H as a function of the Deborah number for orientation, De rep , at constant strain within one grade, thus keeping the product De rep t s constant for all grades. It shows that a critical Deborah number, De c , is necessary to influence the crystallization kinetics. This is most clearly demonstrated with the results of RACO3. Under these shear conditions, the differences between the grades become even more pronounced. The influence of filler particles in RACO2 is still present, i.e., the curve is shifted to the left (lower De) compared to RACO1, but, in this case, the flow has more effect on the crystallization of pure PP. To show, once more, the importance of shear time, experiments at different levels of strain are performed and the effect is shown in Fig. 11 for PP and RACO1. For the same conditions applied, i.e., De t s = constant, the behavior of the grades is not identical and the onset of morphology type 2 occurs at different values of De. Furthermore, where PP forms shish-kebab structures for the strongest flow conditions (morphology type 3), RACO1 is still in morphology type 2. So, although different morphology types exist for all grades, the transitions between the regimes are specific for every grade, under the same flow conditions applied.
Conclusions
• The presence of ethylene co-monomers does not change the linear visco-elastic behavior of iPP.
• At equal nominal undercooling, the rate of crystallization increases with increasing amount of ethylene.
• At a given shear rate, keeping the total macroscopic strain applied constant (c = 60), the effect on the crystallization rate decreases with increasing ethylene content. The difference between the grades is even more pronounced at equal levels of molecular deformation, i.e., De is constant.
• For the homopolymer it is shown that, in accordance with van Meerveld et al. [15] , a change in the crystallization kinetics, i.e., a transition from isotropic toward oriented structures, occurs when the HMW chains are subjected to the condition De s [ 1, based on s long s for a sufficiently long time.
• Although the different morphology types exist, the transitions between the regimes are specific for every grade, under the same flow conditions applied.
